How does the human brain combine a finite number of words to form an infinite variety of sentences? According to the Memory, Unification and Control (MUC) model, sentence processing requires long-range feedback from the left inferior frontal cortex (LIFC) to left posterior temporal cortex (LPTC). Single word processing however may only require feedforward propagation of semantic information from sensory regions to LPTC. Here we tested the claim that long-range feedback is required for sentence processing by reducing visual awareness of words using a masking technique. Masking disrupts feedback processing while leaving feedforward processing relatively intact. Previous studies have shown that masked single words still elicit an N400 ERP effect, a neural signature of semantic incongruency. However, whether multiple words can be combined to form a sentence under reduced levels of awareness is controversial. To investigate this issue, we performed two experiments in which we measured electroencephalography (EEG) while 40 subjects performed a masked priming task. Words were presented either successively or simultaneously, thereby forming a short sentence that could be congruent or incongruent with a target picture. This sentence condition was compared with a typical single word condition. In the masked condition we only found an N400 effect for single words, whereas in the unmasked condition we observed an N400 effect for both unmasked sentences and single words. Our findings suggest that long-range feedback processing is required for sentence processing, but not for single word processing.
Introduction
Language processing involves single word and sentence processing. In both production and comprehension, single word processing is based on lexical retrieval from memory, whereas sentence processing also requires concatenation of retrieved lexical items and the combination of these items into novel meanings. Within the Memory, Unification and Control (MUC) model, the combinatorial aspect of language has been referred to as unification (Hagoort, 2017 (Hagoort, , 2013 (Hagoort, , 2005 . Describing the neural network subserving unification, and what differentiates this network from related lexical retrieval mechanisms, is a major challenge in brain research (Dehaene et al., 2015; Hagoort, 2017) . There is some evidence for a distribution of labor between left posterior temporal and left inferior frontal regions for lexical retrieval and unification mechanisms, respectively (Snijders et al., 2009) . According to the MUC model, lexical retrieval may be mainly dependent on feedforward propagation of semantic information from sensory regions to the left posterior temporal cortex (LPTC), whereas unification is thought to require feedback from the left inferior frontal cortex (LIFC), which includes Broca's area, and the LPTC (Hagoort, 2017 (Hagoort, , 2013 Hult en et al., 2019; Schoffelen et al., 2017; Tyler et al., 2011) .
Here we tested the claim that feedback processing is required for unification. To this aim, we reduced visual awareness of words using a visual masking technique. Although still a matter of investigation, it seems that masking may disrupt both local feedback mechanisms in visual cortex (Fahrenfort et al., 2007) , as well as more long-range feedback mechanisms (e.g. from frontal cortex, Del Cul et al., 2009) , while leaving feedforward processing relatively intact (Fahrenfort et al., 2017 (Fahrenfort et al., , 2007 Kovacs et al., 1995; Lamme and Roelfsema, 2000) . Previous studies have shown that masked single words still trigger behavioral and neural signatures of semantic processing (see Kouider and Dehaene, 2007 for a review). For example, when a visible target (e.g. cat) is preceded by an unrelated masked prime (e.g. bottle), this results in longer reaction times and more response errors compared to prime-target pairs that are related (e.g. dog-cat) Greenwald et al., 1996; Marcel, 1980) . In electroencephalography (EEG), unrelated vs. related prime-target pairs trigger a larger N400 (Kiefer, 2002) , a negative event-related potential (ERP) effect associated with violations of semantics, context and world knowledge (Kutas and Federmeier, 2010; Kutas and Hillyard, 1980; Lau et al., 2008) . However, whether unification can also be achieved under reduced levels of awareness is highly controversial. There is evidence showing that simple combinatorial operations, like the negation of valence (e.g. not good), can be performed under masked processing (Armstrong and Dienes, 2013 ; van Gaal et al., 2014) , although only after considerable training of the negation process (van Gaal et al., 2014) . Some authors have suggested that masked combinatorial processing occurs for entire sentences (Armstrong and Dienes, 2014; Nakamura et al., 2018; Sklar et al., 2012) , even though evidence is mixed (Rabagliati et al., 2018; Yang et al., 2017) .
In this study, we tested the prediction that long-range feedback is necessary for sentence processing, but not (or less so) for single word processing. We addressed this issue by interfering with neural feedback by means of visual masking and investigated whether, under these conditions, sentence processing could still occur. To this aim, we designed a new experimental paradigm carefully disentangling sentence and single word processes. Using EEG, we measured brain responses to sequentially (Experiment 1) and simultaneously (Experiment 2) presented masked and unmasked short sentences (e.g. man-pushes-woman). Sentences were followed by a picture, which was either congruent or incongruent with the previous sentence. This sentence condition was compared with a single word condition, in which either masked/unmasked nouns (e.g. man) or verbs (e.g. pushes) were followed by congruent/incongruent pictures. In the unmasked condition, for both sentences and single words, we expected an N400 effect. In the masked condition, we also expected an N400 effect for single words, replicating previous findings (Deacon et al., 2000; Kiefer, 2002; Kiefer and Brendel, 2006; Kiefer and Spitzer, 2000) . For masked sentences, there were two possible scenarios. If masked sentences triggered an N400 effect, similarly to masked single words, this would suggest that feedback processing (likely from frontal to temporal regions) is not required for unification. However, if no N400 effect was present for masked sentences, we may conclude that long-range feedback is required for unification to occur.
Experiment 1
2.1. Material and methods 2.1.1. Participants 44 subjects (34 females) participated in this study. 4 subjects did not complete the experiment, hence were excluded from the analyses. All subjects were right-handed, aged between 18 and 35, had normal or corrected-to-normal vision, no neurological history and were naive to the purpose of the experiment. Subjects all gave written informed consent prior to participation, according to the Declaration of Helsinki. They received 36 euros for their participation.
Stimuli
In the sentence condition, we employed three-word sentences composed of an agent, an action and a patient (e.g. man pushes woman, in Dutch man duwt vrouw). Importantly, sentences were obtained by combining words that are not lexically related. The nouns employed to fill the agent/patient roles were the following: man, woman, boy, girl (in Dutch: man, vrouw, jongen, meisje). The verbs employed to fill the action role were the following: pushes, measures, drags, finds (in Dutch: duwt, meet, sleept, vindt). Sentences were presented sequentially, i.e. word by word. Each sentence was followed by a picture, either congruent or incongruent with the previous sentence ( Fig. 1A ). Pictures were selected from a previously tested database (Menenti et al., 2011) . They depicted transitive events such as pushing or dragging and the agent/patient of this action. Each picture included one male and one female actor (either adults or children), with one of the two actors (either the male or the female) playing the agent role. The position of the agent (left or right) was randomized. The database was tested by Menenti et al. (2011) to check whether the actions depicted in the pictures were clear. Then, the verb which was most commonly used to describe each action was selected to create the word-picture pairs. trial structure in the masked sentence condition. Three masked words forming a sentence were sequentially presented and followed by a target picture, which could be congruent or incongruent with the previous sentence. In the figure, a congruent trial is represented. When the fixation cross appeared after the picture, participants performed a match/no match task. Right panel: example of target pictures employed in the sentence condition. (B) Participants' accuracy in the sentence condition, for unmasked (black) and masked (grey) trials separately. Results are presented for Day 2 only. Error bars represent betweensubject SEM. (C) Left panel: trial structure in the masked single word condition. One word occurring in the first, second or third prime position was presented and followed by a picture, either congruent or incongruent with the previous word. In the figure a congruent, third-position trial is represented. Right panel: example of target pictures employed in the single word condition. (D) Participants' accuracy in the single word condition, for unmasked (black) and masked (grey) trials separately. Results are presented for Day 2 only. Error bars represent between-subject SEM.
In the noun and verb condition, we employed respectively the same four nouns and four verbs that were used in the sentence condition. Importantly, both nouns and verbs occurred in the first, second or third prime position. The other positions were filled by hashtags, e.g.: 1. man #### ####; 2. #### man ####; 3. #### #### man. In the noun condition, words were followed by a picture depicting a man, a woman, a boy or a girl. In the verb condition, pictures were the same as employed in the sentence condition. As in the sentence condition, pictures were either congruent or incongruent with the previous noun/verb. In all conditions, pictures were in greyscale and had a size of 400 Â 300 pixels.
The masks consisted of seven randomly chosen uppercase letters, which were slightly overlapping to increase the density of the mask. The space between the center of each letter was 10 pixels. Words and masks were presented in Arial lowercase font with a size of 20. Stimuli were presented in white against a black background. Participants were seated at a distance of approximately 110 cm from the computer screen.
Experimental design
The experiment was programmed using Presentation software (Neurobehavioral Systems, Albany, NY, USA). We employed a 2 (primes semantic complexity: sentence or single word) x 2 (target congruency: congruent or incongruent) x 2 (masking strength: masked or unmasked) factorial design. In the sentence condition, incongruency was equally divided across three subcases: (1) incongruent actors/congruent action (e.g. sentence: man pushes woman, followed by a picture of a woman pushing a man); (2) congruent actors/incongruent action (e.g. man pushes woman, followed by a picture of a man measuring a woman); (3) incongruent actors/incongruent action (e.g. man pushes woman, followed by a picture of a woman measuring a man). Each sentence block included 112 trials and lasted approximately 5 min, whereas each noun/verb block included 96 trials and lasted approximately 4 min. In total, there were 448 trials per subject in the sentence condition and 384 trials in each single word condition. In both sentence and single word conditions, each block included 50% masked and 50% unmasked trials, randomly mixed within blocks.
In masked trials, we presented a fixation cross (300 ms), a blank screen (200 ms), a first mask (67 ms), a first prime (33 ms), a second mask (67 ms), a second prime (33 ms), a third mask (67 ms), a third prime (33 ms), a fourth mask (67 ms) and a target picture (1000 ms). After the picture, a fixation cross appeared on the screen until an answer was given (see Fig. 1A and C for examples of the trial structure). After the answer, the fixation cross turned green and a new trial started. In unmasked trials, we presented a fixation cross (300 ms), a blank screen (200 ms), a first blank (67 ms), a first prime (67 ms), a second blank (33 ms), a second prime (67 ms), a third blank (33 ms), a third prime (67 ms), a fourth blank (33 ms) and a target picture (1000 ms), followed by a fixation cross. Unmasked primes had a longer duration than the masked primes in order to increase the visibility of the middle word, which otherwise would have been partially masked by the first and third words. In order to keep the duration of a trial constant (i.e. 1867 ms) across masking strength conditions, the duration of blanks in the unmasked condition was adjusted accordingly.
Participants were instructed to respond to the target picture only after the fixation cross appeared on screen. They had to indicate whether the picture matched or did not match with the previous sentence/word by pressing either a left or a right key on the keyboard with their left or right hand, respectively. Crucially, in the sentence condition, participants needed to combine the three words into a sentence in order to perform the task correctly.
In order to make the task meaningful in the masked condition, participants were told that each block included "easy" and "difficult" trials. In the difficult trials, words were "hidden", which made them very hard to be read. However, they had to try their best to respond correctly. Therefore, participants were aware that words were present in the masked condition, but they were not able to perceive them clearly. There was no speed stress on the discrimination response. Each block included 50% congruent and 50% incongruent trials, randomly mixed within blocks. The interval between trials varied between 750 and 1250 ms, drawn from a random distribution. From now on, we will refer to these word-picture trials as "picture trials".
In order to assess prime visibility, participants performed a forcedchoice discrimination task in approximately 15% of the masked trials (i.e. 16 for the sentence blocks and 12 for the noun/verb blocks). Here, instead of a picture, a four-option screen occurred after masked primes. Participants were asked to decide which sentence or word they had just seen, and pick the correct option among the four presented. The four choices were presented in lowercase letters and around fixation, in a squarewise configuration. The correct choice was presented equally across the four possible positions around fixation (up-left, up-right, lowleft, low-right) . In the sentence condition, incorrect choices were equally divided across three incongruency subcases, as in the picture trials (incongruent actors/congruent action; congruent actors/incongruent action; incongruent actors/incongruent action). From now on, we will refer to these trials as "discrimination trials". Note that, in the main task, participants also needed to discriminate words in order to perform the match/no match task correctly. Therefore, the main task can also be considered as a discrimination task. The forced-choice discrimination task was added as a more traditional and supplementary visibility check. At the end of each block, performance feedback was provided on participants' accuracy, for both masked and unmasked trials.
Procedure
The experiment consisted of two separate sessions on separate days. In the first session, participants performed a short version of the task for 6 blocks (2 sentence, 2 noun and 2 verb blocks), with no EEG recording, in order to familiarize themselves with the task. They were introduced to both task and stimuli before starting the measurement. During the second session (1-7 days after the first), participants performed the main task (12 blocks: 4 sentence, 4 nouns and 4 verb blocks) and EEG was recorded. Before starting the EEG recording, participants were briefly reminded both task and stimuli and performed one practice block, randomly selected across block types.
Electroencephalographic measurements
The electroencephalogram (EEG) was recorded continuously from 61 active Ag/AgCL electrodes using an actiCap system (Brain Products GmbH). 59 of these electrodes were mounted on a cap with equidistant electrode montage. Two separate electrodes were placed on the left and right mastoid, respectively. Blinks were monitored through a separate electrode placed below the left eye and the closest frontal electrodes to the left eye. Horizontal eye movements were monitored through two electrodes placed on the lateral canthi next to the left and right eye. The ground electrode was placed on the forehead. EEG and EOG recordings were amplified through BrainAmp DC amplifiers. The EEG signal was recorded with a sampling rate of 500 Hz and filtered online with a bandpass filter between 0.016 and 100 Hz, then filtered offline with a highpass filter of 0.1 Hz and a low-pass filter of 40 Hz. All electrode sites were re-referenced offline to the average of left and right mastoids and epoched from À0.867 (i.e. the beginning of a trial) to þ1 s surrounding each trial. All ERPs were time-locked to target, i.e. picture, presentation. Next, trials were visually inspected and those containing artefacts not related to blinks were manually removed. Note that visual inspection was blind to the conditions of the experiment. Deleted channels were reconstructed based on a nearest neighbor approach. Independent component analysis (ICA) was computed and components containing blink/oculomotor artefacts were removed from the data. The pre-target interval between 567 and 367 ms before target (i.e. the duration of the blank before the first mask) was employed as a baseline.
Statistical analyses
Behavioral analyses (repeated measures ANOVAs and paired t-tests) were performed with in-house MATLAB scripts. For our ERP analyses, all preprocessing steps were conducted with Fieldtrip (Oostenveld et al., 2011) . ERP statistical analyses were performed using a combination of Fieldtrip and in-house MATLAB (The Mathworks, Natick, MA, USA) scripts. We focused on the N400 effect, defined as a difference in amplitude between two N400 components, i.e. negative event-related potentials (ERPs) evoked by meaningful stimuli (Baggio and Hagoort, 2011) . Since its discovery, the N400 effect has been consistently observed in response to semantic violations (Kutas and Hillyard, 1980) , although it is also known to be evoked by violations of context, expectancies and world knowledge (Baggio and Hagoort, 2011; Kutas and Federmeier, 2010; Lau et al., 2008) . Previous studies showed that N400 usually peaks at centroparietal electrodes, although sometimes more anteriorly (Kutas and Federmeier, 2010; Lau et al., 2008) . The typical N400 time window is 250-500 ms, although this may vary as well (Kutas and Federmeier, 2010; Lau et al., 2008) . Thus, our strongest hypothesis was formulated around the polarity of the N400 effect, in that we expected a negative difference between incongruent and congruent trials.
As a first step, we performed cluster-based permutation tests (Maris and Oostenveld, 2007) on the time window 0-1 s from target (i.e. picture) onset to isolate significant ERP effects related to semantic incongruency (contrast incongruent vs. congruent, all conditions collapsed). A minimum of two neighboring electrodes had to pass the threshold of 0.05 to form a cluster. Cluster-based procedure was repeated 10000 times. This Monte-Carlo method generated a nonparametric estimate of the p-value representing the statistical significance of the originally identified cluster. This analysis isolated significant effects as clusters in time and space (in our case, the N400 effect). To visualize the evolution of significant clusters, we divided the time period (0-1 s) in 10 equal bins and plotted for each bin (i.e. 0-100, 100-200, etc.) all electrodes that were significant at least 50% of the time (as an example, cf. Fig. 2A ). Subsequently, for follow-up analyses we isolated the exact time window and channels where the N400 effect was significant. To do so, the onset and offset of a cluster were defined as the time period around the maximum difference where the difference did not drop below 50% of this
Fig. 2. N400 ERP effect of Experiment 1. (A)
Topographic maps of the difference between incongruent and congruent trials over time (0 ¼ target, i.e. picture onset). Cluster-based permutation tests were used to isolate the significant effects, while correcting for multiple comparisons across time and (electrode) space. On each head map, channels with a significant effect for at least 50% of its time window are highlighted. All headmaps are scaled from À1 to 1 μV. (B)
ERPs for a central region of interest (see inset) for congruent (blue) and incongruent (red) unmasked trials, in the sentence (i) and single word (ii) condition. (C) ERPs for congruent (blue) and incongruent (red) masked trials, for sentences (i) and single words occurring in the third prime position (ii). In all figures shaded blue and red areas around the wave form indicate between-subject SEM. Time 0 represents the onset of the target picture. Shaded grey areas highlight the time window of interest for the N400 effect (336-598 ms). All headmaps are scaled from À1 to 1 μV. maximum and where at least one channel showed a significant effect. We then selected the 10 channels within the cluster that showed the largest effect in this time window (for a similar procedure, cf. Meijs et al., 2018) . The resulting region of interest (ROI) and time window were used for subsequent analyses including all the relevant factors. Note that, as a "sanity check", all analyses were also performed on a central ROI, defined based on previous literature on the N400 (Kutas and Federmeier, 2010) . These supplementary analyses led to the same conclusions.
Results
Our goal was to investigate whether sentence processing requires neural feedback between distant brain areas. We addressed this issue by interfering with feedback processing by means of visual masking, and comparing masked and unmasked processing of sentences and single words.
2.2.1. Behavior 2.2.1.1. Day 1 (behavioral training). In these analyses, 36 out of the 40 participants were included, because the first four participants passed a slightly different version of the task in the training session. Overall, we observed that masking strength affected participants' accuracy (main effect of masking strength: F 1,35 >1000, p < 0.001), and that this effect was modulated by the semantic complexity of the primes (sentences vs. single words) (interaction masking strength x semantic complexity: F 1,35 ¼ 4.24, p ¼ 0.047). Follow-up analyses revealed that performance was higher in the unmasked than in the masked condition (sentences: t 35 ¼ 23.35, p < 0.001; single words: t 35 ¼ 45.37, p < 0.001). In the unmasked condition, performances were very high and strongly above chance (sentences: t 35 ¼ 31.70, p < 0.001, 90% correct; single words: t 35 ¼ 120.43, p < 0.001, 98% correct). Although performance was poor in the masked condition, it was also above chance level (sentences: t 35 ¼ 3.66, p < 0.001, 54% correct; single words: t 35 ¼ 10.21, p < 0.001, 58% correct).
In forced-choice discrimination trials, masked words were also poorly discriminated (sentences: 29% correct; single words: 35% correct), although subjects scored significantly above chance level (sentences: t 35 ¼ 3.12, p ¼ 0.003; single words: t 35 ¼ 6.9, p < 0.001). Note that chance level was 25% in this case, given that the task required a choice among four response options.
2.2.1.2. Day 2 (EEG recording). Participants performed similarly on day 1 and day 2 on the main task (all p-values > 0.063). Further, as on day 1, we observed that masking strength affected participants' accuracy (main effect of masking strength: F 1,39 >1000, p < 0.001) and performance was modulated by semantic complexity (interaction masking strength x semantic complexity: F 1,39 ¼ 10.1, p ¼ 0.003). Again, performance was higher in the unmasked than in the masked condition (sentences: t 39 ¼ 37.77, p < 0.001; single words: t 39 ¼ 54.31, p < 0.001. Fig. 1B and D). In the unmasked condition, subjects scored very high and strongly above chance (sentences: t 35 ¼ 38.44, p < 0.001, 92% correct; single words: t 35 ¼ 195.33, p < 0.001, 98% correct. Fig. 1B and D) . Although performance was poor in the masked condition, it was above chance level (sentences: t 39 ¼ 5.63, p < 0.001, 54% correct; single words: t 39 ¼ 9.06, p < 0.001, 57% correct. Fig. 1B and D) . Moreover, we found that in single word trials, prime position affected participants' accuracy (main effect of prime position: F 2,78 ¼ 6.25, p ¼ 0.003) and was modulated by masking strength (interaction prime position x masking strength: F 2,78 ¼ 5.42, p ¼ 0.006). In the unmasked condition performance was equal in all prime positions (~98% correct in all positions, F 2,78 ¼ 0.22, p ¼ 0.790), whereas in the masked condition it was lower when the prime was presented later in the trial (prime position 1: 60% correct, prime position 2: 56% correct, prime position 3: 54% correct, F 2,78 ¼ 5.93, p ¼ 0.004), despite being above chance in all cases (all p's < 0.001).
In forced-choice discrimination trials, there was no significant difference between day 1 and day 2 (p ¼ 0.853). As in the main task, masked words were poorly perceived (sentences: 29% correct; single words: 34% correct), although again subjects scored significantly above-chance level (sentences: t 39 ¼ 4.63, p < 0.001; single words: t 39 ¼ 6.59, p < 0.001).
Overall, the behavioral results revealed that participants perceived masked and unmasked trials very differently, as revealed by the fact that accuracy was much lower in the masked than in the unmasked condition (although accuracy was above chance in the main task as well as in the discrimination task for masked trials). This suggested that participants may have been partially aware of masked primes, most likely due to the nature of the task (they were told that in some trials words were present, but very difficult to be seensee the Methods section for further details). Therefore, masking led to a quantitative difference in visibility ("matter of degree") rather than a qualitative difference.
ERPs: N400 modulations by prime visibility and semantic complexity
Next, we investigated whether neural signatures of semantic processing, reflected in the N400 effect, could be found for masked/ unmasked sentences and single words. To this end, we contrasted congruent and incongruent trials using cluster-based permutation testing, correcting for multiple comparisons across both time (0-1 s) and (electrode) space (see Fig. 2A and Methods) (Maris and Oostenveld, 2007) . When isolating significant effects as clusters in time and space (see Methods), we found a significant difference over centro-parietal electrodes from 336 to 598 ms after target onset and peaking at 490 ms (see Fig. 2A andinset), consistently with a typical N400 time window and topography (p-value of the cluster between 336 and 598 ms: p < 0.001).
Within this cluster, we performed repeated measures ANOVAs on the N400 time window with three factors: masking strength (masked/ unmasked), prime/target congruency (congruent/incongruent), and semantic complexity (sentence/single word) to test how, and if, the N400 effect was modulated by masking strength and semantic complexity. This ANOVA revealed that the N400 effect (main effect of congruency: F 1,39 ¼ 104.06, p < 0.001) was larger for unmasked than masked trials (interaction masking strength x congruency: F 1,39 ¼ 66.80, p < 0.001). Additionally, we found that the overall ERP amplitude was larger for unmasked than masked trials (main effect of masking strength: F 1,39 ¼ 13.76, p < 0.001). No other main effects or interactions were significant (all p-values>0.234). Overall, these results show that the N400 effect was modulated by prime visibility. Therefore, in further planned post-hoc analyses we tested the N400 effect for masked and unmasked trials separately.
In the unmasked condition, a clear N400 effect was observed (main effect of congruency: F 1,39 ¼ 94.42, p < 0.001), which was not modulated by semantic complexity (interaction of congruency x semantic complexity: F 1,39 ¼ 1.77, p ¼ 0.190). In both unmasked semantic complexity conditions, an N400 effect was observed (sentences: t 39 ¼ 6.73, p < 0.001; single words: t 39 ¼ 9.49, p < 0.001, see Fig. 2B ).
In contrast, in the masked condition we did not find a significant N400 effect regardless of semantic complexity (main effect of congruency: F 1,39 ¼ 2.21, p ¼ 0.145; interaction of congruency x semantic complexity: F 1,39 ¼ 0.002, p ¼ 0.961). Given our hypotheses, we tested the congruency effect for sentences and single words separately, but no N400 effect was present in either condition (sentences: t 39¼ 0.78, p ¼ 0.439; single words: t 39 ¼ 1.21, p ¼ 0.232).
Still, in our paradigm, single words could occur in different prime positions. Previous studies have shown that the Stimulus Onset Asynchrony (SOA) between prime and target affects the strength of semantic priming (Greenwald et al., 1996; Kiefer, 2002; Kiefer and Brendel, 2006; Nakamura et al., 2018) . Therefore, we investigated whether prime position affected N400 amplitude. To do so, we split the trials according to the prime position, i.e. first, second and third, and used this as additional factor in an ANOVA. We found that prime position affected the N400 effect for single words in the masked condition (interaction congruency x position: F 2,78 ¼ 3.40, p ¼ 0.038), but not in the unmasked condition (interaction congruency x position: F 2,78 ¼ 0.51, p ¼ 0.603). Interestingly, post-hoc t-tests revealed that an N400 effect for masked single words was only present when the prime was presented in the third position, i.e. immediately before target presentation (t 39 ¼ 2.48, p ¼ 0.017, see Fig. 2C ). In the other prime positions no significant N400 effect was observed (second prime position: t 39 ¼ 1.10, p ¼ 0.274; first prime position: t 39 ¼ 1.13, p ¼ 0.261).
In summary, our results for the unmasked condition revealed an N400 effect for both sentences and single words, showing that our paradigm worked as predicted. In the masked condition however, we found an N400 effect only for single words occurring in the third prime position, i.e. just before picture presentation. This suggests that processing of masked words is dependent on SOA and that, more generally, masked visual information is fleeting. It is unlikely that this effect was driven by prime visibility, because our behavioral results showed that performance (visibility) for third-position primes was actually lower than in the other two prime positions. We did not find any N400 effect for masked sentences, which may mean that sentence processing cannot be performed when disrupting feedback processing with masking. However, in our paradigm, sentences were presented sequentially, i.e. word by word. Given that, in the single word condition, we only found an effect for words presented at a short SOA, this null result could stem from the sequential presentation of the primes. If in the sentence condition the information conveyed by the first two words decayed very quickly, combining words into a sentence would not be possible. To further test this hypothesis, we performed an additional experiment in which words forming a sentence were presented simultaneously and at a short SOA (for a similar logic see van Gaal et al., 2014) . We reasoned that, if we replicate the observation that there was only an N400 effect for masked single words in this second experiment, our results would suggest a true difference between sentence and single word processing, not biased by differences in the timing of stimulus presentation and the temporal profile and fleeting nature of masked word processing in the brain.
Experiment 2
3.1. Material and methods 3.1.1. Participants 40 subjects (25 females) participated in this study. All subjects were right-handed, aged between 18 and 35, had normal or corrected-tonormal vision, no neurological history and were naive to the purpose of the experiment. Subjects gave written informed consent prior to participation, according to the Declaration of Helsinki. They received 56 euros for their participation.
Stimuli
In the sentence condition, we employed two-word combinations composed by either agent/action pairs (e.g. man pushes, in Dutch man duwt) or patient/action pairs (e.g. man is pushed, in Dutch man geduwd). We will refer to these combinations as sentences. As in Experiment 1, sentences were obtained by combining words that are not lexically related. We chose to employ two-word combinations, instead of threeword combinations as in Experiment 1, for two reasons. First, we aimed at investigating whether an effect could be found for masked sentences when semantic integration was made easier. Second, we wanted to make our results more comparable to other studies finding an N400 effect for masked processing of simple two-word combinations (e.g. van Gaal et al., 2014) . As in Experiment 1, the nouns employed to fill the agent/patient roles were the following: man, woman, boy, girl (in Dutch: man, vrouw, jongen, meisje). The verbs employed to fill the action role were the following: (i) active verbs: pushes, measures, drags, finds (in Dutch: duwt, meet, sleept, vindt); (ii) passive verbs: is pushed, is measured, is dragged, is found (in Dutch: geduwd, gemeten, gesleept, gevonden). The two words were presented one above the other.
In the noun and verb conditions, we employed respectively the same four nouns and four active/passive verbs that were used in the sentence condition. Pictures were extracted from the same database employed for Experiment 1. As in Experiment 1, pictures were either congruent or incongruent with the previous word(s). In all conditions, pictures had a size of 400 Â 300 pixels. Masks were created in the same way as in Experiment 1. However, since in the case of passive verbs masked words were slightly longer, we increased the number of letters composing each mask (ten letters instead of seven). The parameters of stimuli presentation (e.g. participants' distance from the monitor) were the same as in Experiment 1.
Experimental design
The experiment was programmed using Presentation software (Neurobehavioral Systems, Albany, NY, USA). We employed a 2 (primes semantic complexity: sentence or single word) x 2 (target congruency: congruent or incongruent) x 2 (masking strength: masked or unmasked) factorial design. In the sentence condition, we built incongruency by reversing the actors' roles in the picture (e.g. if the prime was man pushes, then the picture depicted a woman pushing a man; if the prime was man is pushed, then the picture depicted a man pushing a woman). In both sentence and single word blocks, each block included 96 trials and lasted approximately 5 min. Each block included 50% masked and 50% unmasked trials, randomly mixed within blocks.
In masked trials, we presented a fixation cross (300 ms), a blank screen (200 ms), a first mask (67 ms), a prime (33 ms), a second mask (67 ms), a target picture (1000 ms) and a fixation cross (200 ms). After the fixation cross, an answer screen with the options match/no match (in Dutch: wel match/geen match) appeared (see Fig. 3A and C for examples of the trial structure). The position of the match answer (left or right) was randomized. In unmasked trials, we presented a fixation cross (300 ms), a blank screen (200 ms), a first blank (67 ms), a prime (67 ms), a second blank (33 ms), a target picture (1000 ms) and a fixation cross (200 ms). The unmasked prime had a longer duration than the masked prime in order to increase its visibility. To keep the duration of a trial constant (i.e. 1867 ms) across visibility conditions, the duration of blanks in the unmasked condition was adjusted accordingly. Due to a programming error, in the noun/verb main EEG session the duration of the second mask in the masked trials was 33 ms, whereas the duration of the second blank in the unmasked trials was 67 ms. However, this did not influence our results, as performances did not differ between the training session and the main EEG session (see the Results section for further details).
Contrary to Experiment 1, in which pictures in the noun condition only included one character, we employed the same two-character pictures as in the sentence and verb condition, in order to minimize task differences between the sentence and the single word condition. Since the noun primes referred to a single person (man, woman, boy or girl), and pictures depicted either a man and a woman or a boy and a girl, we employed a color-coded version of the pictures, instead of the greyscale version used in Experiment 1. The agent was depicted in green and the patient was depicted in red. In the noun condition, participants had to indicate if the green character matched with the prime by pressing a key on the keyboard with their left or right hand (depending on the location of the match/no match answer). In the sentence and verb conditions, participants had to indicate whether the picture matched or did not match the previous sentence/verb. They were instructed to respond to the target picture only after the answer screen appeared. As in Experiment 1, in the sentence condition participants needed to combine the two words into a sentence in order to perform the task correctly.
As in Experiment 1, in order to explain the task for the masked condition, participants were told that each block included "easy" and "difficult" trials. There was no speed stress on the discrimination response. Each block included 50% congruent and 50% incongruent trials randomly mixed within blocks. The interval between trials varied between 750 and 1250 ms, drawn from a random distribution. We will refer to these trials as "picture trials". Prime visibility was assessed with a forced-choice discrimination task (16 trials out of 96), similarly to Experiment 1. We will refer to these trials as "discrimination trials". As in Experiment 1, this forced-choice discrimination task was added as a supplementary visibility check, given that the main task could also be considered a discrimination task. At the end of each block, feedback was provided on participants' accuracy, for both masked and unmasked trials.
Procedure
In Experiment 2, we increased the number of trials per condition compared to Experiment 1. A single EEG session would have been too long, hence we split the EEG recording in two sessions. Therefore, in total the experiment consisted of three separate sessions on separate days. In the first session, participants performed a short version of the task for 6 blocks (2 sentence, 2 noun and 2 verb blocks), with no EEG recording, in order to familiarize themselves with the task. They were introduced to both task and stimuli before starting the measurement. During the second session, participants performed 12 sentence blocks while EEG was recorded. During the third session, participants performed 6 noun blocks and 6 verb blocks while EEG was recorded. The second and third sessions were both completed within 1-7 days after the first and their order was counterbalanced across subjects. In the EEG recording sessions, there were 1152 trials in the sentence condition and 1152 trials in the single word condition (576 trials in the noun condition and 576 trials in the verb condition). Before starting the EEG recordings, participants were briefly reminded of task and stimuli and performed one practice block (in the noun/verb session, this was randomly selected across block types).
Electroencephalographic measurements
Electroencephalographic measurements and parameters were the same as in Experiment 1 except for data epoching, which was performed from À2 to 2.5 s surrounding each target. All ERPs were time-locked to target, i.e. picture, presentation. The pre-target interval between 367 and 167 ms before target (i.e. the duration of the blank before the first mask) was employed as a baseline.
Statistical analyses
As for Experiment 1, we focused our analysis on the N400 effect and followed the same analysis procedure (see Methods section of Experiment 1 for further details). As in Experiment 1, in addition to the clusterbased approach, we performed all analyses on a pre-defined, central ROI, as a "sanity check". As in Experiment 1, these analyses led to the same conclusions.
Results
In Experiment 2, we compared EEG responses to simultaneously presented words forming a sentence with responses induced by single words (nouns and verbs). We reasoned that if we replicated findings of Experiment 1, i.e. if we found an N400 effect for masked single words and not for masked sentences, we could conclude that sentence processing cannot be performed under reduced awareness. On the contrary, finding an N400 effect for both masked sentences and single words would mean that the null result in Experiment 1 could be explained by primes sequential presentation in the sentence condition.
Behavior

Day 1 (behavioral training).
Overall, we observed that masking strength affected participants' accuracy (main effect of masking strength: F 1,39 >1000, p < 0.001), and that this effect was influenced by semantic complexity (sentences vs. single words) (interaction masking strength x semantic complexity: F 1,39 ¼ 12.62, p ¼ 0.001). In follow-up analyses, we found that performance was higher in the unmasked than the masked condition (sentences: t 39 ¼ 23.04, p < 0.001; single words: t 39 ¼ 46.46, p < 0.001). For both sentences and single words, performance was poor in the masked condition, although it was at chance level for sentences (t 39 ¼ 1.42, p ¼ 0.160, 50% correct) and above chance for single words (t 39 ¼ 5.64, p<0.001, 53% correct).
In forced-choice discrimination trials, in which chance level was at 25%, masked words were also poorly perceived (sentences: 28% correct; single words: 32% correct), although subjects performed significantly above chance level for both sentences and single words (sentences: t 39 ¼ 2.67, p ¼ 0.011; single words: t 39 ¼ 6.97, p < 0.001).
3.2.1.2. Day 2 (EEG recording). Given that the second and third EEG sessions were counterbalanced across subjects, they were both considered as day 2. First, we compared participants' accuracy between the training session and the main session. In unmasked trials, we found a training effect for sentences (t 39 ¼ 3.62, p < 0.001), but not for single trial structure in the masked sentence condition. Two masked words forming a sentence were simultaneously presented and followed by a target picture, which could be congruent or incongruent with the previous sentence. In the figure, a congruent trial is represented. Participants performed a match/no match task. Right panel: example of target pictures employed in the sentence condition. (B) Participants' accuracy in the sentence condition, for unmasked (black) and masked (grey) trials separately. Results are presented for Day 2 only. Error bars represent between-subject SEM. (C) Left panel: trial structure in the masked single word condition. One word was presented and followed by a picture, either congruent or incongruent with the previous word. In the figure a congruent trial is represented. Right panel: example of target pictures employed in the single word condition. Contrary to Experiment 1, target pictures are the same for sentence and single word conditions. (D) Participants' accuracy in the single word condition, for unmasked (black) and masked (grey) trials separately. Results are presented for Day 2 only. Error bars represent between-subject SEM. words (t 39 ¼ 1.49, p ¼ 0.140). In masked trials, as well in the forcedchoice discrimination trials, participants performed similarly on day 1 and day 2 (all p-values>0.070). Next, we observed that overall masking strength affected participants' accuracy (main effect of masking strength: F 1,39 >1000, p < 0.001), but was not modulated by semantic complexity (interaction masking strength x semantic complexity: F 1,39 ¼ 0.06, p ¼ 0.800). For both sentences and single words, the masked and unmasked conditions differed significantly, accuracy being significantly lower in the masked condition than in the unmasked condition (sentences: t 39 ¼ 34.64, p < 0.001; single words: t 39 ¼ 47.23, p < 0.001. Fig. 3B and D) . In the unmasked condition, subjects scored very high and strongly above chance (sentences: t 35 ¼ 36.46, p < 0.001, 90% correct; single words: t 35 ¼ 66.58, p < 0.001, 95% correct. Fig. 3B and D) . Performance was poor in the masked condition for both sentences and single words, but it was at chance level for sentences (t 39 ¼ 0.41, p ¼ 0.68, 50% correct) and above chance for single words (t 39 ¼ 7.18, p < 0.001, 54% correct. Fig. 3B and D) .
In forced-choice discrimination trials, masked words were again poorly perceived (sentences: 27% correct; single words: 31% correct), although subjects scored significantly above chance level for both sentences and single words (sentences: t 39 ¼ 2.24, p ¼ 0.031; single words: t 39 ¼ 6.07, p < 0.001).
In summary, behavioral results in Experiment 2 revealed that performance was significantly worse in the masked than in the unmasked condition. Still, one may ask why in masked sentence trials performance was above chance in Experiment 1 and at chance in Experiment 2. This may be explained by the fact that sentence words were presented simultaneously and, as a consequence, participants had less time to perceive and integrate them. Overall, behavioral results in Experiment 2 confirmed our main findings in Experiment 1.
ERPs: N400 modulations by prime visibility and semantic complexity
Following up on Experiment 1, we investigated whether the N400 effect was modulated for masked/unmasked simultaneously presented Fig. 4 . N400 ERP effect of Experiment 2. (A) Topographic maps of the difference between incongruent and congruent trials over time (0 ¼ target, i.e. picture onset). Cluster-based permutation tests were used to isolate the significant events, while correcting for multiple comparisons across time and (electrode) space. On each head map, channels with a significant effect for at least 50% of its time window are highlighted. All headmaps are scaled from À1 to 1 μV. (B)
ERPs for a central region of interest (see inset) for congruent (blue) and incongruent (red) unmasked trials, in the sentence (i) and single word (ii) condition. (C) ERPs for congruent (blue) and incongruent (red) masked trials, for sentences (i) and single words (ii). In all figures shaded blue and red areas around the wave form indicate between-subject SEM. Time 0 represents the onset of the target picture. Shaded grey areas highlight the time window of interest for the N400 effect (438-708 ms). All headmaps are scaled from À1 to 1 μV.
sentences and single words. To this end, similarly to Experiment 1, we contrasted incongruent and congruent trials using cluster-based permutation testing, correcting for multiple comparisons across both time (0-1 s) and (electrode) space (see Fig. 4A and Methods section of Experiment 1) (Maris and Oostenveld, 2007) . When isolating significant effects as clusters in time and space (see Methods), we found a significant difference over centro-frontal electrodes from 438 to 708 ms after target onset and peaking at 544 ms (see Fig. 4A and Fig. 4A -inset; p-value of the cluster between 438 and 708 ms: p < 0.001).
Next, we investigated how the N400 effect was modulated by masking strength and semantic complexity. To this aim, we performed repeated measures ANOVAs on the N400 time window with three factors: masking strength (masked/unmasked), prime/target congruency (congruent/incongruent) and semantic complexity (sentence/single word). We found that the N400 effect (main effect of congruency: F 1,39 ¼ 64.76, p < 0.001) was larger for unmasked than for masked trials (interaction masking strength x congruency: F 1,39 ¼ 48.46, p < 0.001). This N400 effect was modulated by semantic complexity (interaction congruency x semantic complexity: F 1,39 ¼ 14.10, p < 0.001), as the N400 effect was larger for single words than for sentences. Moreover, there was a marginally significant effect of semantic complexity, suggesting that the overall ERP amplitude may have been slightly higher for sentences than single words (main effect of semantic complexity: F 1,39 ¼ 3.69, p ¼ 0.062). No other main effects or interactions were significant (all p-values>0.232). Next, in planned post-hoc analyses, we tested the N400 effect for masked and unmasked trials separately, investigating how it was modulated by semantic complexity.
In the unmasked condition, we observed a clear N400 effect (main effect of congruency: F 1,39 ¼ 70.48, p < 0.001) that was modulated by semantic complexity, being larger for single words than for sentences (interaction of congruency x semantic complexity: F 1,39 ¼ 11.45, p ¼ 0.001). In both semantic complexity conditions, unmasked incongruent trials triggered a larger N400 effect compared to congruent trials (sentences: t 39 ¼ 4.81, p < 0.001; single words: t 39 ¼ 9.46, p < 0.001. Fig. 4B ).
Although we did not find a significant N400 effect in the masked condition (main effect of congruency: F 1,39 ¼ 0.06, p ¼ 0.798), the N400 effect was modulated by semantic complexity (interaction of congruency x semantic complexity: F 1,39 ¼ 5.88, p ¼ 0.020). This effect was driven by the fact that we observed a significant N400 effect in the single word condition (t 39 ¼ 2.26, p ¼ 0.028), but not in the sentence condition (t 39 ¼ À1.71, p ¼ 0.093; if anything the effect was observed in the opposite direction, Fig. 4C ).
In summary, in Experiment 2 we replicated the main findings of Experiment 1. In the unmasked condition, we found robust neural signatures of semantic processing, as reflected by N400 effects for both sentences and single words. On the contrary, in the masked condition the N400 effect was only present for single words.
Discussion
In this study, we investigated the neural mechanisms underpinning sentence and single word processing, focusing on the difference between unification and lexical retrieval processes under varying levels of awareness. According to the Memory, Unification and Control (MUC) model, feedback from the left inferior frontal cortex (LIFC) to the left posterior temporal cortex (LPTC) is crucial for unification, i.e. the process in which words are flexibly combined into a sentence, whereas lexical retrieval (single word processing) relies on a feedforward information flow from sensory regions to the LPTC (Hagoort, 2017 (Hagoort, , 2013 (Hagoort, , 2005 . Here we tested the general claim that long-range feedback is required for sentence processing, but not for single word processing. To this aim, we reduced stimulus awareness with visual masking, which is thought to disrupt long-range connectivity within the brain (Del Cul et al., 2009 , 2007 . We investigated whether, when disrupting long-range feedback with masking, unification could still occur. To do so, we designed a novel experimental paradigm in which we directly compared unification and lexical retrieval mechanisms with EEG.
Behaviorally, performance on the word(s)-picture matching task was higher in the unmasked than in the masked condition, suggesting that masking strongly reduced prime visibility. In EEG, incongruent word(s)picture pairs triggered an N400 effect in both unmasked sentence and single word trials. This is in line with previous work, showing that manipulating semantic congruency within word-picture pairs elicits N400 effects (Coco et al., 2017; Federmeier and Kutas, 2001; Willems et al., 2008) . On the contrary, in the masked condition, an N400 effect was only observed for single words and not for sentences. In Experiment 1, this N400 effect was limited to single words occurring in the third prime position (i.e. just before picture presentation), which supports the claim that masked word processing is fleeting, i.e. strongly dependent on the Stimulus Onset Asynchrony (SOA) between prime and target (Greenwald et al., 1996; Kiefer, 2002; Kiefer and Brendel, 2006; Nakamura et al., 2018) . Overall, our findings suggest that feedback processing may be required for unification (sentence processing) but not for lexical retrieval (single word processing), which may instead rely on feedforward spreading of activation.
The role of awareness in sentence processing
Our results are consistent with previous work, in which no evidence for sentence processing under reduced awareness was found (Rabagliati et al., 2018; Yang et al., 2017) . However, our findings contrast with other work, which suggests that sentence processing under reduced awareness may be possible, to some extent and under certain conditions (Armstrong and Dienes, 2014; Axelrod et al., 2015; Batterink and Neville, 2013; Nakamura et al., 2018; Sklar et al., 2012) . Nevertheless, these previous findings are either controversial or may be explained by other factors than unification processes. Axelrod et al. (2015) used continuous flash suppression (CFS) to reduce sentence awareness in fMRI, and found selective responses in the left frontal cortex to masked sentences compared to unpronounceable nonwords. However, this effect may not be specifically related to unification as sentences and chains of nonwords differ substantially on the semantic level, nonwords not involving any word-meaning mapping. Nakamura et al. (2018) measured the N400 effect triggered by congruent (e.g. dog-runs) and incongruent (e.g. dog-opens) masked subject/verb pairs within a sentence, while varying the distance between subject and verb across sentences. They found that incongruent pairs triggered an N400 effect only when subject and verb were separated by 0 or 1 word. Although intriguing, these results may reflect simple differences in lexical associations between congruent (dog-runs) and incongruent (dog-opens) pairs, instead of true unification processes.
A similar criticism can be formulated against Sklar et al. (2012) , who used CFS to show that masked sentences containing semantic anomalies (e.g. "I ironed coffee") break through interocular suppression quicker than masked control sentences (e.g. "I drank coffee"), which they have interpreted as evidence for unconscious integration of different words into a sentence. As in the previous study, their results could be due to lexical differences between related (drink-coffee) and unrelated (iron-coffee) items, instead of unification mechanisms. Moreover, recently Sklar et al.'s findings failed to replicate (Rabagliati et al., 2018) , and have been criticized based on methodological grounds as well (Shanks, 2017) . Batterink and Neville (2013) used a cross-modal attentional blink paradigm to investigate undetected syntactic violations within sentences. Using EEG, they presented a tone (first target) either immediately before or after the onset of a visually presented syntactic violation (e.g. We drank Lisa's *by brandy the fire in the lobby) (second target). Sometimes participants missed these syntactic violations, because the tone attracted their attention and prevented the violation from reaching awareness (attention blinked). Interestingly, they found that both detected and undetected syntactic violations triggered an early left negative response (ELAN), whereas only detected violations triggered a late positivity (P600).
Nevertheless, it has been shown that the attentional blink impairs conscious report behaviorally, but does not disrupt perceptual integration mechanisms and may leave feedback processing intact (Dehaene et al., 2006; Fahrenfort et al., 2017; Luck et al., 1996) . Therefore, this leaves open whether sentence processing can occur in the absence of feedback. Overall, it is not clear whether previous work on sentence processing under reduced awareness properly disentangled unification and lexical retrieval effects. To the best of our knowledge, this is the first work that may control for this confound, as (i) in our study, we used sentences obtained by combining words that are not lexically related, and (ii) we directly compared masked sentences and single words within one experimental paradigm.
The claim that sentence processing is impaired under reduced awareness is also supported by studies performed while subjects were asleep and in patients with disorders of consciousness (DOC). Here, N400 effects are described as weaker, partial and delayed compared to wakefulness (Bastuji et al., 2002; Brualla et al., 1998; Daltrozzo et al., 2012; Davis et al., 2007; Ib añez et al., 2006; Rohaut et al., 2015; Steppacher et al., 2016; Strauss and Dehaene, 2019) . It has been argued that during sleep, there is decreased long-distance connectivity between brain regions (Boly et al., 2012; Massimini et al., 2005; Spoormaker et al., 2012; Tagliazucchi et al., 2013) , and that the sleeping brain may still process semantic information, but in a purely feedforward manner (Strauss and Dehaene, 2019) . In the vegetative state (no conscious awareness), it has been found that long-distance connectivity between frontal and temporal regions is disrupted (Boly et al., 2011) . These findings are compatible with our hypothesis that long-distance feedback processing may play an important role in some sentence-level processes.
Visual masking as a tool to investigate feedback processing
One important assumption of this work is that visual masking selectively disrupts feedback processing between distant brain areas, while preserving feedforward processing. In many influential theories of consciousness, unconscious information seems to be processed mainly in a feedforward manner (Lamme and Roelfsema, 2000) , while conscious processing is thought to be uniquely marked by dynamic recurrent interactions between distant brain regions (Dehaene and Changeux, 2011; Lamme, 2006) . A highly-distributed fronto-temporo-parietal activation was found to be a correlate of conscious reportability (Del Cul et al., 2007) , and long-distance feedback processing from frontal to temporal cortices was observed to be diminished in patients with DOC (Boly et al., 2011) . Further, previous research on visual perception showed that masking interferes with visual awareness by disrupting feedback processing from higher to lower visual areas, whereas feedforward processing is substantially preserved (Fahrenfort et al., 2017 (Fahrenfort et al., , 2007 Kovacs et al., 1995; Lamme et al., 2002) . Other studies showed that masking also disrupts long-distance feedback processing from frontal areas to higher visual areas (Del Cul et al., 2009) .
Although these studies do not provide direct proof that masking impairs feedback processing between frontal and temporal areas, as predicted by the MUC model (Hagoort, 2017; Hult en et al., 2019) , they strongly suggest that masking impairs long-distance feedback processing between many distant brain regions (potentially including frontal and temporal areas), while preserving feedforward processing. Therefore, an impairment of feedback between frontal and temporal areas due to masking seems a plausible consequence, although this should be confirmed by future studies.
Within this theoretical framework, when information is consciously processed in a global, recurrent network, it can also be maintained ad libitum in working memory (Baars and Franklin, 2003; Dehaene et al., 2006) . Therefore, when feedback processing is impaired, working memory may also be impaired. Interestingly, previous studies have also shown that masking impairs working memory without directly affecting awareness of stimulus material (Blalock, 2013; Ricker and Sandry, 2018) . The extent to which working memory and consciousness can be dissociated is debated (Soto and Silvanto, 2014) . Future studies should address the question whether, and if so to what extent, working memory and awareness differentially affect unification processes. At the same time, the MUC model implements working memory, in the service of multi-word integration processes (Hagoort, 2017) .
Residual levels of awareness in visual masking
Our behavioral results revealed that performance on masked single words, despite being poor, was above chance level, and thus participants may have been partially aware of the masked primes (possibly due to the fact that task instructions explicitly stated that in the masked conditions words were present). This is compatible with previous findings, showing that the N400 effect is absent when single words are presented in a fully unconscious fashion (Kang et al., 2011) . Therefore, we do not claim that in our paradigm masked primes were unconscious. Still, visibility of masked and unmasked trials differed strongly, as revealed by accuracy in both the main and the discrimination task. Moreover, importantly, our results suggest that masked processing of sentences and single words may differ on a qualitative point of view. Namely, the N400 effect was present for masked single words, but not for masked sentences. If confirmed by future work, these qualitative differences would suggest that reducing stimulus visibility has a stronger effect on unification processes (fully abolishing it) compared to lexical retrieval processes (leaving it partly intact).
Differences between unification, multiple word processing and single word processing
One may argue that the differences between masked sentence and single word processing in our results are not truly qualitative, but only reflect higher difficulty of sentence processing compared to single word processing. Indeed, in Experiment 2 the N400 effects in the single word condition were stronger compared to the sentence condition (for both masking conditions). In our experimental paradigm, we aimed to minimize task differences between sentences and single words, for example by employing the same two-actor pictures in all conditions in Experiment 2. However, one intrinsic limitation of our study (but potentially of all studies investigating sentence and single word processing) is that sentence and single word processing are hardly comparable, because task difficulty at the sentence level may be harder with respect to the single word level. In fact, the same holds for the factor masking: since the N400 effect is much larger for masked and unmasked stimuli, there is also more room for experimental modulations.
Our findings speak to a broad literature aiming to link ERP effects as the N400 and the P600 to lexical and/or unification processes. Whether the N400 effect reflects lexical or unification mechanisms is still a matter of debate (Baggio and Hagoort, 2011; Kutas and Federmeier, 2010; Lau et al., 2008) . Recently, it has been proposed that the N400 effect indexes lexical retrieval, while the P600 (a centro-parietal distributed positivity often associated with syntactic violations - Hagoort et al., 1993) , reflects unification (Brouwer et al., 2017) . In our results, we did not find any P600 effect in the sentence condition (not even in further uncorrected exploratory analyses, data not reported). Therefore, at least in our experimental paradigm, the N400 effect seems to reflect both unification and lexical retrieval processes.
It has been found that combinatorial operations simpler than sentence processing may occur under reduced levels of awareness (Armstrong and Dienes, 2013; Scott et al., 2018; van Gaal et al., 2014) . van Gaal et al. (2014) investigated the negation of valence by presenting masked negation-adjective pairs (e.g. not-bad), which formed incongruent combinations with a visible target (e.g. murder). They compared this condition with a congruent condition (e.g. not-good murder) and found an N400 effect. The paradigm employed by van Gaal et al. is comparable to our paradigm, in terms of both masking technique and timing of stimulus presentation, although the target was a picture in our study and a word in van Gaal et al.' s study. One may thus wonder why, in contrast to this study, they did find an effect of masked multiple words processing. There may be two reasons for that, one methodological and one theoretical.
First, in the study by van Gaal et al. (2014) participants underwent a negation training in an experimental session before the main session (that took place on a different day), in which subjects were actively trained to either categorize the modifier-adjective combination as positive (e.g. not-bad, very-good), or negative (e.g. not-good, very-bad). This training likely increased the automaticity of the negation process, and established a lexical association between the negation and the adjective. Therefore, the likelihood of observing N400 effects in the following EEG session was also increased.
A second, theoretical, explanation comes from recent psycholinguistic theories, in which word retrieval and the application of simple syntactic rules are thought to share some neural resources (Jackendoff, 2007) . Accordingly, chunks of syntactic structures (like negation-adjective or negation-noun combinations) are assembled in memory retrieval regions (LPFC), exploiting local processing within these areas, and stored there along with words. Later, these pre-assembled chunks are retrieved for unification operations and combined with other chunks in order to form larger structures, i.e. sentences (Hagoort, 2017) . In this framework, the negation-adjective combinations investigated by van Gaal et al. (2014) differ from the sentence structures we focused on, which are higher in the syntactic hierarchy and may exploit different neural resources. The same is true for the findings of Armstrong and Dienes (2013) , who investigated subliminal processing of negation using subjective threshold measurements.
Given the findings by van Gaal et al. (2014) , it is unlikely that results of the masked sentence condition in Experiment 2 are fully explained by difficulties allocating attention to two words presented simultaneously, or by easier visibility of one prime word compared to multiple prime words. Taken together, our results and van Gaal et al.' s results suggest that masking may specifically disrupt sentence processing (unification), but not multiple word processing, although this is of course only indirect proof. The way awareness differentially modulates structures on different levels of the semantic and syntactic hierarchy should be further explored in future work.
Conclusions
Our findings suggest that disrupting long-range feedback by means of visual masking may impair unification (sentence processing), but not lexical retrieval (single word processing). Since masking reduces visual awareness, this implies that single words may be processed under reduced awareness, whereas full awareness is required for sentence processing. If confirmed by future studies, our results may show that long-range feedback processing, potentially implying frontal and temporal areas, may be an important prerequisite of language unification, supporting a core prediction of the MUC model (Hagoort, 2017; Hult en et al., 2019; Snijders et al., 2009) . This work provides new insights to ongoing debates about the specific roles of different brain mechanisms in a distributed language network (Goucha and Friederici, 2015; Hagoort, 2017; Hickok and Poeppel, 2007; Thompson-Schill et al., 2005) .
